INTRODUCTION The low temperature i n t e r n a l f r i c t i o n spectrum o f p l a s t i c a l l y deformed zirconium i s characterized by a broad maximum o c c u r r i n g a t about 205 K f o r a frequency of 1 kHz (1). A systematic i n v e s t i g a t i o n o f the e f f e c t o f deformation and annealing (2,3) i ndicates t h a t t h i s peak appears t o e x h i b i t a number o f the c h a r a c t e r i s t i c s corresponding w i t h k i n k p a i r generation processes. Yet, o t h e r experiments
seem t o suggest t h a t t h i s r e l a x a t i o n peak might be r e l a t e d t o d i s l o c a t i o n -p o i n t defect i nt e r a c t i o n e f f e c t s . This i n t e r p r e t a t i o n found some support i n the observation o f a r e l a x a t i o n peak a t about 90 K, f o l l o w i n g deformation a t lower temperatures, which was t h e r e f o r e a t t r i b u t e d t o i n t r i n s i c d i s l o c a t i o n r e l a x a t i o n . However, t h i s 90 K peak i s r a t h e r unstable against room temperature ageing and i n view a l s o o f i t s narrowness, a mechanism based on p o i n t defect r e o r i e n t a t i o n has been proposed i n (7).
Further support f o r a d i s l o c a t i o n p o i n t defect i n t e r a c t i o n model i s claimed (4, 6) from the i n f l u e n c e on the 205 K peak behaviour o f thermal annealing f o l l o w i n g low temperature deformation (4) and o f doping w i t h hydrogen ( 5 ) . O f course, the strong a f f i n i t y o f zirconium f o r gaseous i m p u r i t i e s makes a study o f i n t r i n s i c r e l a x a t i o n processes i n t h i s m a t e r i a l r a t h e r d i f f i c u l t , and t h i s has c e r t a i n l y c o n t r i b u t e d t o the d i v e r s i t y i n i n t e r p r e t a t i o n o f the low temperature r e l a x a t i o n peaks i n zirconium. I n t h e present work, the e f f e c t o f t e n s i l e deformation a t e i t h e r room temperature o r l i q u i d helium temperature has been s t u d i e d i n zirconium specimens p r e v i o u s l y outgassed i n u l t r a h i g h vacuum. These experiments have revealed t h e very complex nature of t h e damping spectrum between 80 and 300 K, and they have shown t h a t the relaxat i o n s t r e n g t h o f some o f the components o f the r e l a x a t i o n spectrum can be s t r o n g l y increased i n a number o f p a r t i c u l a r experimental circumstances. Transmission elect r o n microscopy has been used t o t r y and o b t a i n i n f o r m a t i o n about the p a r t i c u l a r microstructures corresponding w i t h p a r t i c u l a r damping spectra. Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983998 the d i s l o c a t i o n d e n s i t y r e s u l t i n g from cooling, through the bcc t o hcp phase transformation) and f a s t cooling. The pressure during annealing was maintained below 3 x 10-7 Pa. Samples had a thickness o f .3 m m and were c u t i n a dumbbell shape (gauge l e n g t h o f 11 m) t o a l l o w t e n s i l e deformation i n an I n s t r o n machine and damp i n g measurement i n f l e x u r a l resonance, the specimen being c a n t i lever-1 i ke clamped w i t h no e f f e c t on the l o c a l l y deformed p o r t i o n o f the specimen. Resonance frequency f o r the specimen geometry used was about 80 Hz.
Electron microscopic observations were performed by means o f a 200 kV JEOL.
The i n t e r n a l f r i c t i o n spectra have been analysed as a superposition o f Debye relaxat i o n peaks, using a non-linear l e a s t squares computer programme t o o b t a i n f i t t e d values f o r the r e l a x a t i o n parameters ( r e l a x a t i o n strength, peak temperature, e f f e ct i v e a c t i v a t i o n enthalpy), using i n i t i a l values f o r peak temperature and a c t i v a t i o n enthalpy taken from Arrhenius p l o t s derived from a v a i l a b l e l i t e r a t u r e data ( 8 ) .
EXPERIMENTAL RESULTS
The i n t e r n a l f r i c t i o n of a specimen deformed a t 300 K t o about 18 % i s shown i n F i g . 1, together w i t h the decomposition i n f o u r Debye r e l a x a t i o n s , peaking a t 148 K ( P i ) , 170 K (Pd) , 212 K (PI) and 230 K (P2), r e s p e c t i v e l y .
F i g . 1 -I n t e r n a l f r i c t i o n and modulus o f zirconium deformed 18 % a t 300 K, w i t h the decomposition i n Debye r e l a x a t i o n s .
Following t e n s i l e deformation near 8 K, a new I.F. peak i s observed a t 280 K, as shown i n F i g . 2a,b f o r 11 % and 12 % s t r a i n , r e s p e c t i v e l y . These f i g u r e s i n d i c a t e t h a t the r e l a x a t i o n strength o f the 280 K peak i s n o t determined o n l y by the amount of deformation. TEM observation o f these specimens revealed t h a t the specimen i n which the strength of the 280 K peak was l a r g e s t contained a much l a r g e r concentrat i o n o f deformation twins (Figs. 3 and 4 ).
The v a r i a t i o n o f the peak heights w i t h the degree o f deformation a t 8 K i s shown i n Fig. 5 . Peaks PA and P behave r a t h e r analogously, going through a maximum f o r a defermation o f about 19 %. The peak h e i g h t o f P2 does n o t appear t o change very much, i n c o n t r a s t w i t h PI , which becomes very l a r g e f o r a r a t h e r narrow s t r a i n i n t e r v a l around 6 %. Since the peak a t 280 K has been r e l a t e d w i t h the t w i n d e n s i t y r a t h e r than w i t h the amount o f p l a s t i c s t r a i n , i t was n o t included i n t h i s f i g u r e . The peak h e i g h t of P1 was found sometimes t o vary w i t h ageing a t room temperature; t h i s i s shown i n F i g . 6 f o r a specimen deformed 3 % a t room temperature. 
DISCUSSION
The generation o f the 280 K peak by low temperature deformation agrees w i t h t h e obs e r v a t i o n o f Reed H i l l e t a1 . ( 9 ) t h a t the room temperature damping o f zirconium was increased by the twins produced during /7 K deformation. TEM has confirmed t h a t the twins formed a t 8 K are a l s o of the i1121) <1126> type. It thus appears t h a t t h e 280 K damping peak i s caused by t w i n boundary m i g r a t i o n processes.
The peak PI i s observed both i n the w e l l annealed s t a t e and a f t e r a heavy t e n s i l e
deformation. The f a c t t h a t i t s peak h e i g h t becomes very l a r g e f o r an intermediate amount o f deformation and t h a t under those conditions i t i s s t r o n g l y dependent on room temperature ageing suggests t h a t i t i s r e l a t e d w i t h both the d i s l o c a t i o n densit y and the concentration o f some k i n d o f p o i n t defects. Furthermore, the e f f e c t of ageing i n d i c a t e s t h a t the d i f f u s i o n o f those p o i n t defects towards the d i s l o c a t i o n s i s an e s s e n t i a l step i n the development o f a l a r g e r e l a x a t i o n s t r e n g t h f o r PI . I nt r i n s i c p o i n t defects can probably be r u l e d out as c o n t r i b u t i n g t o PI, since s e l fi n t e r s t i t i a l s are expected t o have annealed during stage I, which i s terminated a t about 160 K ( l o ) , so t h a t no extensive f u r t h e r m o b i l i t y i s expected t o occur so as t o g i v e r i s e t o changes a t room temperature spread o u t over several days.
Likewise vacancies appear t o be u n l i k e l y candidates since t h e i r d i f f u s i o n occurs presumably above room temperature and a1 so since f o l lowing deformation and s e l f -i n t e r s t i t i a l a n n i h i l a t i o n , t h e i r concentration i s probably n o t l a r g e enough. This leaves us w i t h (12, 13) , tetrahedral positions i n the hcp l a t t i c e a r e not expected t o lead t o a s t r e s s induced reorientation by executing jumps between tetrahedral s i t e s , i t has been shown (14) t h a t a relaxation e f f e c t can be expected i f the i n t e r s t i t i a l impurit y can be induced t o make tetrahedral-octahedral jumps. Taking f u r t h e r account of our TEM observation t h a t even a f t e r high vacuum outgassing very few hydride precip i t a t e s can s t i l l be present i n zirconium, i t can be assumed t h a t s u f f i c i e n t y e t not too much hydrogen i s available i n s o l i d solution i n our specimens.
impurity atoms t o explain PI. The width of PI indicates t h a t if i t is t o be a relaxation peak, i t s activation enthalpy cannot be smaller than about 0.5 eV. This value i s consistent with t h e migration enthalpy of hydrogen i n a.Zr (0.59 eV) (11). Hence P 1 could be related t o s t r e s s induced reorientation of hydrogen atoms, which agrees with the r e l a t i v e l y large value of t h e pre-exponential frequency f a c t o r f o (about 6 x 1013 s -1 ) . Although i n t e r s t i t i a l impurities occupying,as does hydrogen
Since ageing a t room temperature can, under favourable conditions, strongly increase the relaxation strength, presumably by allowing the hydrogens t o gather a t t h e dislocations, i t i s suggested t h a t P1 i s caused by a dislocation enhanced Snoek type Fig. 6 -Variation of the peak height f o r P 1 with ageing a t room temperature, f o r a specimen deformed 3 % a t 300 K. r e l a x a t i o n process (15) . The f a c t t h a t a large and r a t h e r s t a b l e (against prolonged room temperature ageing) PI can be observed only i n p r e v i o u s l y outgassed specimens (though s t i 11 containing hydrogen) deformed t o a f a i r l y s t r i c t l y del ineated amount o f s t r a i n suggests the necessity o f a r a t h e r s u b t l e balance between hydrogen concent r a t i o n and d i s l o c a t i o n density. This may help e x p l a i n why PI peaks described so f a r i n the l i t e r a t u r e have been r a t h e r small and n o t very s t a b l e and reproducible.
The a n a l y t i c a l f i t t i n g o f the experimental damping curves c l e a r l y i n d i c a t e s the presence o f a peak PA ( a t 148 K), i n a d d i t i o n t o the l a r g e Pd peak ( a t 170 K). The two peaks f o l l o w the same p a t t e r n as a f u n c t i o n o f deformation ( e i t h e r a t 300 K o r a t 8 K), and t h e r e are i n d i c a t i o n s t h a t they a l s o behave s i m i l a r l y w i t h respect t o annealing ( 2 ) . Taken together w i t h the r e l a t i v e l y low value o f fo (about 5 x 10l0 s -I ) , these observations suggest t h a t b o t h Pd and PA might be caused by k i n k p a i r generation processes. I t i s well-known t h a t t h e s l i p systems i n zirconium, as a l s o i n titanium, are n o t r e s t r i c t e d t o the basal plane, b u t t h a t p l a s t i c deformation occurs p r e f e r e n t i a l l y by p r i s m a t i c s l i p and t o some e x t e n t a l s o by pyramidal s l i p , w i t h o n l y a l i m i t e d c o n t r i b u t i o n o f basal s l i p (16, 17, 18) .
I n the annealed specimens, the m a j o r i t y o f the d i s l o c a t i o n s ( f r e q u e n t l y arranged i n subgrain boundaries on t h e basal planes) were found t o have Burgers vectors o f the type a/3 <1120>. These o f course can c o n t r i b u t e t o s l i p on t h e p r i s m a t i c and the pyramidal s l i p systems, and i t i s n o t unreasonable t h e r e f o r e t o assume t h a t Pd and P i correspond w i t h the k i n k p a i r generation r e l a x a t i o n processes f o r these two s l i p sys terns.
The peak P2 has been observed i n the present study i n both annealed and deformed specimens, t h e r e l a x a t i o n s t r e n g t h being r e l a t i v e l y independent o f the amount o f deformation.
I t i s n o t obvious from t h e peak p o s i t i o n s a t d i f f e r e n t frequencies w i t h what peaks observed i n o t h e r i n v e s t i g a t i o n s i t can be c o r r e l a t e d . This d i f f i c u l t y i s s t i 11
more pronounced i f one considers the unstabi 1 i t y against room temperature annealing o f most o f the peaks described i n the l i t e r a t u r e , i n c o n t r a s t w i t h the r a t h e r s t a b l e behaviour o f t h i s peak i n the present work. I n view o f the s c a r c i t y o f convincing data, i t appears premature t o t r y and attempt an i n t e r p r e t a t i o n f o r t h i s peak.
CONCLUSIONS
The r e s u l t s o f t h i s study can be b r i e f l y summarized as f o l l o w s :
-A peak a t 280 K (80 Hz) appears t o be r e l a t e d w i t h t w i n boundary motion.
-The P1 peak (210 K, 80 Hz) i s suggested t o be caused by a d i s l o c a t i o n enhanced hydrogen Snoek type re1 a x a t i o n e f f e c t .
-Both Pd and P' (148, 170, 80 Hz) are i n t e r p r e t e d as k i n k p a i r generation peaks i n a a/3 <1120> i i s l o c a t i o n s g l i d i n g i n t h e p r i s m a t i c o r pyramidal s l i p systems.
